found to be associated with coronary heart disease, 11 stroke, 12 and all-cause mortality. 13 In cross-sectional epidemiologic studies, edentulism was associated with elevated systolic blood pressure (SBP), 6, 7 diastolic blood pressure (DBP), 7 and prevalent hypertension. 7, 14 Risk of hypertension associated with edentulism could be related to life-course health factors that either lead to or were associated with edentulism, including past history of periodontal disease. Alternatively, microbiome or diet associated with an edentulous mouth could help to promote hypertension. To the best of our knowledge, no previous studies have evaluated edentulism as a prospective risk factor for hypertension in women.
Considering the limited prospective data on periodontal disease and edentulism as risk factors for hypertension, we assessed whether periodontal disease and edentulism are associated with longitudinal hypertension risk within the Women's Health Initiative-Observational Study (WHI-OS).
METHODS

Study design and study population
The WHI-OS is a prospective cohort study of 93,676 postmenopausal women. Women aged 50-79 years were enrolled at 40 clinical sites across the United States between 1993 and 1998. The study was approved by human subjects institutional review boards at each of the participating sites, and informed consent was provided by each participant. The baseline for the present analyses was year 5 of the WHI-OS, where study participants were queried about oral health, including periodontal/gum disease and edentulism.
Of the 82,414 women who responded to the year-5 questionnaire, participants were excluded if they did not answer questions on periodontal/gum disease (n = 611, 0.74%) or edentulism (n = 423, 0.51%), or were missing follow-up data after year 5 (n = 715, 0.87%). Participants were also excluded who had prevalent hypertension at or before the year-5 questionnaire, based on self-report of a physician diagnosis of hypertension, current or past use of antihypertension medication, or measured SBP or DBP ≥140 or ≥90 mm Hg, respectively at either WHI-OS baseline or year-3 study visits (n = 42,659, 51.8%). After application of these exclusion criteria, 38,147 women remained eligible for this analysis. An additional 1,455 participants were excluded based on missing data for key variables including body mass index (BMI) (n = 63), pack-years smoking (n = 1,115), education (n = 285), or baseline SBP (n = 5). The analytic cohort consists of 36,692 women who have complete data on all information relevant to this analysis ( Figure 1 ).
Measurement of study variables
The primary exposure variables were history of periodontal disease diagnosis and/or edentulism. Periodontal disease was assessed on the year-5 questionnaire as "Has a dentist or dental hygienist ever told you that you had periodontal or gum disease?". Edentulism was assessed using the question "Have you lost ALL your permanent teeth, both upper and lower?". Incident hypertension was the outcome variable and was assessed on annual health updates each study participant completed following study entry. Specifically, those who answered yes to the question "Since your last completed questionnaire, has a doctor or other healthcare provider prescribed for the first time pills for high blood pressure or hypertension?" were considered an incident hypertension case.
SBP and DBP were measured via auscultation using a conventional sphygmomanometer at WHI-OS baseline enrollment and year-3 clinic examination. Blood pressure measurements were not available at year 5, thus most recent blood pressure measurements were considered in models. Blood pressure was measured after 5 minutes of seated rest in a clinic examination room. The average of 2 measures taken at least 30 seconds apart was recorded. Additional study covariates were collected via questionnaire including smoking history (current status: never, former, current; total pack-years), physical activity (based on total recreational activity; metabolic equivalent-hours/week), sleep disturbance score (based on several questions regarding sleep hygiene, quality, and restedness), highest level of education, neighborhood socioeconomic status (based on several items from census tract), race/ethnicity, hormone therapy use, and comorbidities. [15] [16] [17] [18] [19] [20] The Healthy Eating Index-2005 (HEI-2005), a composite dietary score based on 12 food categories, and composite variables for total intake of alcohol, caffeine, sodium, and red meat, were calculated based on WHI food frequency questionnaire. 21 Measurements of height and weight 16 were taken at the year-3 clinical examination and used for calculating BMI (kg/m 2 ). Medication for diabetes mellitus, anti-cholesterol agents, and multivitamin usage were recorded via a medication inventory. 22 In our analyses, individuals were considered to have diabetes if they either reported a physician diagnosis of diabetes or were currently taking medication for diabetes.
Statistical analyses
Data analysis was conducted using SAS, version 9.4 (SAS Institute, Cary, NC). Comparison of characteristics between those with and without hypertension was accomplished using nonparametric Wilcoxon rank-sum test for continuous variables and Χ 2 test of independence for categorical variables. Cox proportional hazards regression was used to calculate hazard ratios (HR) and 95% confidence intervals (CI) to test crude and multivariable adjusted associations between periodontal disease and edentulism, and hypertension diagnosis. Stratified analyses and interaction testing were performed with previously determined potential effect modifying variables: age, ethnicity, smoking status, BMI, alcohol intake, total physical activity, diabetes, frequency of dental visits, and baseline SBP. In stratified analysis of continuous variables (age, BMI, alcohol intake, total physical activity, and SBP), models are further adjusted for the stratifying variable within each stratum. Interaction on a multiplicative scale was tested by including variables for the factor of interest plus a cross-product term for the either periodontal disease or edentulism and the factor of interest. Wald Χ 2 test was used to assess the significance of the crossproduct term. Potential confounding factors were each added to the crude models of periodontal disease and edentulism, and hypertension individually. Potential confounders included age, BMI, race/ethnicity, education level, smoking status, pack-years smoking, alcohol intake, dietary energy, HEI-2005, caffeine intake, red meat intake, dietary sodium, physical activity, sleep disturbance, hours of sleep, diabetes, cancer, heart disease, stroke, statin use, multivitamin use, and hormone therapy use. Factors were included in final multivariable adjusted model if their inclusion resulted in changes to the association between the periodontal disease or edentulism exposure and hypertension by at least 1%; however, factors showing significant interaction were not included in overall multivariable adjusted model.
To evaluate potential influence of missing data, we analyzed missing data patterns and conducted sensitivity analyses of primary models after multiple imputation by fully conditional specification. We conducted a sensitivity analysis excluding anyone with previous diagnosis of cardiovascular disease (CVD) and one excluding anyone diagnosed with hypertension or censored within the first 2 years of follow-up to minimize the possibility of reverse causation bias by baseline health status.
RESULTS
Characteristics of the 36,692 study participants comprising the analytic cohort are presented in Table 1 categorized by baseline periodontal disease and edentulism. Participants included in this study were all postmenopausal, with mean age of 67.1 (7.0). They were predominantly Caucasian (89.3%) and mostly with at least some college education (97.3%). Approximately half the women reported never smoking (52.0%), with 43.5% former smokers and 4.5% current smokers. Baseline history of other health conditions was reported as diabetes (2.6%), heart disease (16.8%), and cancer (16.7%).
Those with periodontal disease, compared to those without periodontal disease, had higher number of packyears smoking, but slightly lower age and SBP (Table 1) . BMI values were similar between these 2 groups. Those with edentulism tended have higher age, BMI, and SBP (Table 1) . Incident hypertension cases tended to have higher BMI (26.7 ± 5.2 vs. 25.6 ± 4.9 kg/m 2 ), higher SBP (120.1 ± 10.7 vs. 114.1 ± 11.5 mm Hg), and higher proportion of ever smokers (49.6% vs. 47.2%), but similar age (67.0 ± 7.1 vs. 67.3 ± 6.9 years). The participants were followed from year 5 (1999-2003) through September 2015 for a mean time of 8.3 (4.8) years. In that time, 12,635 (34.4%) developed incident hypertension.
Results of crude and multivariable adjusted regression models are presented in Table 2 . Periodontal disease was not associated with increased risk of hypertension in crude (HR (95% CI) = 1.00 (0.96-1.04)) or multivariable adjusted models (HR (95% CI) = 0.99 (0.95-1.03)). Edentulism was significantly associated with hypertension risk in unadjusted model (HR (95% CI) = 1.38 (1.28-1.49)). On the basis of assessment of potential confounders, all multivariable adjusted models were adjusted for education, BMI, and pack-years smoking. Although age also appeared to be a confounder, because in this analysis it also appears to be an effect modifier, only age-stratified models are presented with age adjustment. The overall model with adjustment for education, BMI, and pack-years smoking demonstrates attenuated but statistically significant association between edentulism and hypertension risk (HR (95% CI) = 1.21 (1.11-1.30)). Of note, there was significant interaction with both age and baseline SBP ( Table 2 .) The risk of hypertension with edentulism appeared stronger in women younger than 60 years of age (P interaction 0.04) and those with lower SBP at baseline (P interaction 0.0004). In addition, a borderline significant interaction was seen between edentulism and BMI, with women in lower BMI categories having higher hypertension risk (P interaction 0.06). No significant interactions were seen for race, smoking status, alcohol intake, physical activity, or diabetes status (Supplementary Table 1) .
In sensitivity analyses, no substantial differences in primary results were observed when restricting analyses to individuals with no CVD at baseline, when restricting to individuals with follow-up longer than 2 years, or using multiple imputation for missing covariate data (Supplementary Table 1 ).
DISCUSSION
In this large prospective cohort study, we observed a modest positive association between edentulism and incident hypertension risk among postmenopausal women enrolled in the WHI-OS. Specifically, edentulous women had approximately 20% higher risk of developing hypertension during follow-up compared to dentate women. We observed a null association between periodontal disease and hypertension.
Previous studies have evaluated missing teeth with respect to hypertension. In a cross-sectional study, Taguchi et al. 4 compared 67 postmenopausal women with any missing teeth (mean 5.8 teeth missing not including 3rd molars) with 31 women without missing teeth. Adjusting for BMI, total cholesterol, and low-density lipoprotein cholesterol, those with any missing teeth had 3.5 higher odds of having either SBP ≥140 mm Hg or DBP ≥90 mm Hg on at least 3 occasions in the clinic (odds ratio = 3.57, 95% CI = 1.10-11.7). Nevertheless, this study was relatively small and its cross-sectional nature could not account for potential reverse causality. Prospective studies have evaluated missing teeth and incident hypertension, although none of these looked specifically at edentulism. [8] [9] [10] Although all 3 prospective studies observed positive associations of missing teeth with hypertension, models were nonsignificant after multivariable adjustment. These nonsignificant results may reflect study of relatively young populations with limited follow-up duration, 8, 9 or misclassification due to self-report of number of teeth and hypertension outcome. 10 Furthermore, none of these studies assessed this association in a substantial number of postmenopausal women. In addition, although tooth loss is a component of the path to complete edentulism, complete edentulism as a construct that may have characteristics and associated factors distinct from general tooth loss. In cross-sectional studies, edentulism has been found to be associated with increased SBP, 6,7 DBP, 7 and prevalent hypertension. 7, 14 Edentulism has additionally been found to be associated with coronary heart disease, 11 stroke, 12 and allcause mortality 13 in other cohort studies, and recently with all-cause and CVD mortality risks within the WHI-OS using the same assessment of edentulism as here. 23 Numerous studies have reported significant positive associations between periodontal disease based on selfreport or clinically measured periodontal disease status and hypertension using either cross-sectional or case-control designs. 1, 3, 24, 25 Nevertheless, these studies are unable to exclude reverse causality as potential explanation of results. The potential role of hypertension as a risk factor in periodontal disease 26 highlights the need for prospective studies to exclude reverse causality as an explanation of results. Few studies have evaluated the association between periodontal disease and hypertension using prospective design. [8] [9] [10] Our finding of a null association between selfreported periodontal disease and hypertension is similar to what was found among older men in the Health Professionals Follow-Up Study (HPFS), which found no association between self-reported periodontal disease and incidence of hypertension by self-report among 31,543 males aged 40-75 years over 20 years of follow-up. 10 Conversely, 2 studies from Japan observed positive associations between periodontal disease based on clinical measures and incident hypertension based on measured blood pressure. The first study was among 1,150 university students mean age 18 years over 3 years follow-up and the second was among 1,023 Japanese industrial workers mean age 37 years over 4 years follow-up. Use of self-reported periodontal disease is a limitation in our study and the HPFS that may have contributed to our null findings. A validation study in a subgroup of women in the WHI-OS demonstrated validity of self-reported periodontal disease diagnosis in older women, however some misclassification is expected. 27 An alternate potential explanations for the differential results for the periodontal disease-hypertension relationship could be related to age, as the 2 studies finding positive associations between periodontal disease and hypertension had younger populations than the studies that found null associations. It is plausible that periodontal disease could be more related to mechanisms of hypertension in younger individuals than in older individuals. There are critical distinctions between the evaluation of periodontal disease and edentulism. In general, periodontal disease represents a disease construct consisting of inflammation and tissue damage to the periodontium, with consistent etiological factors. In contrast, edentulism represents the common end point of numerous potential causal mechanisms. In the overall population, caries are the most common cause of tooth loss, representing 40-50% of tooth loss. 28 However, in older populations such as those in this study, periodontal disease is an equivalent or perhaps stronger cause of tooth loss. 29 Low income and other socioeconomic disparities are also associated with tooth loss. 30 Furthermore, the extreme nature of missing all natural teeth may not simply represent an acute condition, but rather a response to cumulative exposures and insults to the periodontium throughout an entire lifetime, in addition to simply poor oral hygiene and dental care.
In our stratified analyses, we observed stronger positive associations between edentulism and incident hypertension among those with lower baseline blood pressure, younger age, and lower BMI at baseline. One possible explanation Abbreviations: BP, blood pressure; CI, confidence interval. *Multivariable model adjusted for education, body mass index, and pack-years smoking. Stratified analysis conducted using multivariable adjusted model. † P value based on Wald chi square for exposure term (periodontal/gum disease or edentulism) in overall models or for cross-product term in stratified analyses.
‡ Models stratified by continuous variables also adjusted for stratifying variable within each strata. § P value for interaction based on continuous parameterization of stratifying variable.
is that those with prehypertension may already be on the verge of developing hypertension, such that the presence of edentulism has little impact at this point. In this scenario, edentulism or the factors underlying it may have already influenced the blood pressure regulatory process that resulted in individuals reaching blood pressure in the prehypertension range. Accordingly, it may be possible that edentulism and its antecedent factors predominantly affect blood pressure processes early in the development of hypertension but are less influential in later stages of disease progression. Regarding the particular difference in risk of hypertension associated with edentulism according to BMI, in previous studies it has been reported that smoking prevalence and intensity were higher in adults along the lower distribution of BMI 31 ; however, this was not observed in our study (53.3% never smokers, mean 8.2 pack-years among those with normal BMI vs. 49.8% never smokers, mean 11.2 pack-years among those with obese BMI). Alternatively, lower BMIs could reflect individuals with occult disease, 32 which could predispose to edentulism, hypertension, or both; however, in our study we observed relatively similar risk with edentulism across underweight/normal and overweight BMI. Another possibility is that women predisposed to hypertension who also had obese BMI may have already been diagnosed with hypertension by the time they would were enrolled in our study, so they would have been a prevalent case of hypertension and thus not included in our analysis. Those with obese BMI who did not develop hypertension may have intrinsic resistance to developing hypertension, such that the presence of edentulism may not add much additional risk. It could be speculated that in women who had underweight/normal BMI or overweight BMI but are still susceptible, the added risk associated with edentulism is more appreciable. Additional work is needed to further understand this apparent interaction between BMI and edentulism in hypertension risk. There are several possible reasons for the observed association between edentulism and hypertension. In our analyses, we adjusted for BMI before study baseline; however, one possible explanation is that edentulism could lead to changes in dietary patterns that could be associated with higher risk of hypertension. We investigated potential confounding due to dietary factors (red meat, sodium, total calories, and HEI-2005) assessed before study baseline, but inclusion of these factors in multivariable models did not impact the association between edentulism and hypertension. Nevertheless, we would not be able to discern if changes in diet or changes in BMI took place after completion of the edentulism questionnaire. In this situation, altered diet and body composition based on edentulism could contribute to the association with hypertension. We also examined potential confounding by education and neighborhood socioeconomic status that are the variables in our data set that we felt provided the best approximation of socioeconomic status, but these did not explain the observed association between edentulism and hypertension. One of the major causes of edentulism in older individuals is periodontal disease, 29 so the association between edentulism and hypertension could be mediated by inflammation, endothelial dysfunction, or oxidative stress resulting from severe past periodontal disease. 33 Another possibility is that edentulism may influence hypertension risk via alteration of the composition of the oral microbiome. Oral microbes contribute to vasodilation via participation in the nitrate cycle, which could influence hypertension risk via availability of nitric oxide (NO). 34 Oral microbes reduce nitrate consumed in diet to nitrite, which is subsequently converted to NO, a potent vasodilator. This represents an important source of oxygen-independent NO synthesis. In randomized controlled trials, consumption of nitrate-containing foods has been shown lower SBP, 35 a phenomenon that may be predicated on the presence of oral microbes. 36 Alternately, denture-related issues may contribute to hypertension risk. Among the edentulous, denture-related inflammation and irritation is common, which could contribute to a state of chronic low-grade inflammation. 37 Furthermore, dentures can harbor microbial flora similar to what is found in periodontal disease. 38 Higher levels of inflammation could contribute to the development or maintenance of elevated blood pressure. [39] [40] [41] In contrast to the observed association between edentulism and hypertension, we did not observe significant association between periodontal disease and hypertension. It is possible that the question on edentulism had higher accuracy than reported history of periodontal disease, resulting in less misclassification on exposure. In a validation study within the participants of the WHI-OS, our question on periodontal disease was found to have a sensitivity of 56.2% and specificity of 78.8% when compared to severe periodontal disease based on the Centers for Disease Control and Prevention/American Academy of Periodontology definition and a sensitivity of 76.0% and specificity of 77.4% when compared to having tooth loss due to periodontal disease. 27 There are little data evaluating the validity of self-reported edentulism; however, a study of 1,501 participants found an overall good correlation between self-report and clinically evaluated number of teeth (Spearman's R 0.69). 42 As edentulism can result from periodontal disease, it is possible that the question on edentulism better represented the individuals with a past history of the most severe periodontal disease, resulting in less misclassification on exposure. There may be subsets of individuals with higher or lower risk of hypertension on the basis of factors not captured by our periodontal disease question, such as disease duration and severity, gingival inflammation, or subgingival microbiome. For instance, certain microbes associated with periodontal disease may better predict hypertension risk. In addition, missing some but not all teeth may represent an intermediate between periodontal disease and edentulism. Thus, it could be hypothesized that there is a continuum of risk of hypertension that increases with increasing number of missing teeth. In this study, we were unable to evaluate the relationship between number of missing teeth and incidence of hypertension. Future studies evaluating the risk of hypertension associated with composition of oral microbes would allow us to further understand these associations.
Strengths of this study include large sample size, extensive database that allowed for consideration of numerous potential confounding factors, and long duration of follow-up. Potential limitations included use of self-reported periodontal disease, edentulism, and first treatment for hypertension, as well as generalizability of this study consisting of postmenopausal women. Regarding generalizability to other populations, our observed interaction between edentulism and age with regard to hypertension risk suggests that the association between edentulism and hypertension may be stronger in younger populations. Furthermore, the 2 studies that observed significant associations between periodontal disease and hypertension had study populations that were younger than those of this study. 8, 9 Regarding potential generalizability to males, the difference in associations between edentulism and age that we observed suggests this association there is little data available on possible sex differences regarding the relationship between periodontal disease, edentulism, and hypertension. Two previous studies evaluating periodontal disease and hypertension included both males and females, but did not evaluate the potential for a sex difference. 8, 9 In a cross-sectional study, the potential suggestion of a stronger association between periodontal disease severity and measured systolic blood pressure was identified (P interaction 0.15); however, in this study population, males were younger than females (67 vs. 70 years; P<0.001) so this difference could be related to age. 24 Within the HPFS, consisting of older males, there was a null association between self-reported number of teeth and self-reported incident hypertension after multivariable adjustment; however, they did not specifically evaluate edentulism.
Overall, this study found no association between periodontal disease and hypertension risk among postmenopausal women enrolled in the WHI-OS. We did observe a modest elevated risk of hypertension among postmenopausal women with complete edentulism compared to dentate women, which was stronger among those with younger age, lower BMI, and lower baseline SBP. Our findings suggest that the presence of edentulism may serve as a clinical warning sign for increased hypertension risk. Improved oral hygiene aimed at preventing edentulism as well as careful blood pressure monitoring and intervention among the edentulous may be indicated to prevent morbidity and mortality associated with hypertension.
SUPPLEMENTARY DATA
Supplementary data are available at American Journal of Hypertension online.
